Deep sequencing of viral or bacterial nucleic acids monitors the presence and diversity of microbes in select populations and locations. Metagenomic study of mammalian viromes can help trace paths of viral transmissions within or between species. Highthroughput sequencing of patient and untreated sewage microbiomes showed many sequences with no similarity to genomic sequences of known function or origin. To estimate the distribution of functional RNAs in these microbiomes, we used the hammerhead ribozyme (HHR) motif to search for sequences capable of assuming its three-way-junction fold. While only two of the three possible natural HHR topologies had been known, our analysis revealed highly active ribozymes that terminated in any of the three stems. The most abundant of these are type II HHRs, one of which is the fastest natural cis-acting HHR yet discovered. Altogether, thirteen ribozymes were confirmed in vitro, but only one showed sequence similarity to previously described HHRs. Sequences surrounding the ribozymes do not generally show similarity to known genes, except in one case, where a ribozyme is immediately preceded by a bacterial RadC gene. We demonstrate that a structure-based search for a known functional RNA is a powerful tool for analysis of metagenomic datasets, complementing sequence alignments.
RNAs fulfill diverse biological roles, including regulation and catalysis. The discovery of catalytic RNAs over the last 30 years supports the RNA world hypothesis, which proposes that RNA predated proteins as the information carrier and the catalytic macromolecule (1) . Biological catalytic RNAs include phosphotransferases and the ribosomal peptidyl transferase (2, 3) . Phosphotransferases include six types of naturallyoccurring nucleolytic ribozymes capable of cleaving phosphodiester linkages: hammerhead (HHR) (4), hairpin (5), hepatitis delta virus (HDV) (6, 7) , the Neurospora Varkud satellite (8) , the bacterial cofactor-dependent GlmS (9) , and in some cases, group I intron-like ribozymes (10, 11) . Early work identified these self-cleaving RNAs through analysis of single gene transcripts and pathogen genomes (12) . In addition, in vitro selection experiments have identified a variety of self-cleaving ribozymes (13) , including the hammerhead motif, which was found independently several times (14) . In recent years, structure-based searches and in vitro selection from a genomic library have revealed hammerhead and HDV-like ribozymes in many species ranging from bacteria to mammals (15) (16) (17) (18) (19) (20) .
Hammerhead ribozymes were originally discovered in plant viroids and virusoids, where they function in the processing of rolling circle transcripts (21) . HHRs are also known to exist in the satellite transcripts of various newt species (22) , cave crickets (23) , and the human blood fluke Schistosoma mansoni (24) . The recent discoveries of HHRs in many different species, including mammals, suggest multiple biological functions (15, 19, 20) .
The HHR structure consists of three helices (stems I, II, and III) anchored in the 11-nt catalytic core. They are capable of both self-scission and ligation, with ligation occurring at a rate about one hundred times slower than scission (25). In selfcleaving (cis-acting) HHRs, two of the stems are capped by loops, resulting in a topology resembling a hammerhead. HHRs can be grouped into three types according to the location of the open-ended stem containing the 5′ and 3′ ends of the ribozyme (types I, II, and III). Biochemical and crystallographic studies have revealed a tertiary interaction, which can enhance catalytic rates by up to 500-fold when compared to the minimal ribozyme under physiological conditions (26) (27) (28) .
Hammerhead ribozymes have simple structural requirements, robust and tunable biochemical activity, and rather low information content, leading to the possibility of several independent appearances (14) . The increasing prevalence of natural HHRs may imply multiple biological roles that evade detection through sequence alignment approaches. Considering that functional RNAs are generally conserved in secondary structure and not necessarily in sequence, they can be described as a set of base-paired domains of variable sequence connected by single-stranded regions. The unpaired strands are typically sequence-conserved in active sites, binding pockets, or tertiary contacts, and highly variable in connecting regions. A functional RNA, for example a known ribozyme, can thus be described in terms of its secondary structure and conserved single-stranded elements (29, 30) . A search for sequences capable of assuming the same secondary structure and possessing all conserved sequences in the prescribed positions can thus reveal new examples of such RNA, even if its sequence is vastly different from previously identified members of the family. One application of this approach is in identification of known ribozymes in new genomes, as has been demonstrated for the HHR and HDV ribozymes (15, 17, 20, 24, 31) .
Another powerful application of structurebased searches is in analysis of metagenomic data. These often originate from heterogeneous samples of potentially unknown biological composition. One of the benefits of metagenomic analysis is to monitor the genetic diversity and geographic presence of known or novel microbes. For example, numerous human viral pathogens have been detected in untreated sewage (32) .
Metagenomic data consist of a large number of short sequence reads that may lack sufficient coverage for reconstruction of individual genomes. However, the datasets can be used to estimate a sample's species diversity or to propose the existence of novel species, depending on whether a read can be matched to a known genome. Both absence of genomic context and lack of similarity to known genomic sequences decrease the utility of such sequences, resulting in dearth of assignable function. To test such sequences for functional significance requires other approaches, one of which is a motif search for known structured, functional RNAs.
Here we used structure descriptors of selfcleaving ribozymes to search for these catalytic RNAs in a set of metagenomic sequences from human samples including: stools from children with non-poliovirus acute flaccid paralysis (33) , cerebrospinal fluids from unexplained cases of encephalitis, plasma from unexplained cases of hepatitis, untreated sewage, attenuated viral vaccines (34) , and stools from North American bats (35) .
Given the strong base-pairing and relatively low sequence requirements of self-cleaving ribozymes, we decided to map the HDV and HHR motifs to the metagenomic sequences. While a search for HDV-like ribozymes did not reveal any sequences capable of folding into the doublepseudoknot fold, we found several sequences that can independently assume the three topologies of HHR. We prepared the minimum hammerhead constructs, flanked by several nucleotides of the surrounding sequences, and measured their in vitro self-cleavage activity. To test whether the incidence is higher or lower than would be predicted by chance, we performed structure-based searches for HHR through randomly-generated sequences of the same length (2.2x10 8 nt) and nucleotide content as our metagenomic data set, which contained about 8.15x10 5 sequences. The results of these searches agree with the predicted low distribution of HHR motifs in random sequences (29, 31) , providing a degree of significance to the incidence of HHRs in the metagenomic data set.
Experimental Procedures
Sample preparation-Raw samples from various virome studies were collected from the environment or with patient consent in the case of blood and bodily fluid collection. Purification of viral particles, extraction of viral nucleic acid, and synthesis of cDNA for random PCR were performed as described earlier (36) .
Structure based searches-The RNABOB program (S.Eddy, HHMI; ftp://selab.janelia.org/pub/software/rnabob/) was used to search the sequence file for the HDV and hammerhead ribozyme motifs as previously described (30) . The descriptor defines the conserved sequence and structural elements of each motif. All hammerhead descriptors included the minimal construct with the 11 conserved nucleotides of the core, and a limitation for each stem to be 3-6 base pairs long. Loop insertions at the end of helices were allowed to be up to 50 nucleotides long. The following is an example of a descriptor for a type II hammerhead ribozyme requiring strict Watson-Crick base pairing in the helical regions. The cleavage site can consist of any nucleotide except G in element s4. In this descriptor, we require 9 nt regions flanking the 5′ and 3′ ends of the ribozyme motif (s1 and s7, respectively). s1 r1 s2 r2 s3 r2′ s4 r3 s5 r3′ s6 r1′ s7 r1 0:0 ***NNN:NNN*** TGCA r2 0:0 ***NNN:NNN*** TGCA r3 0:0 ***NNN:NNN*** TGCA s1 0 NNNNNNNNN s2 0 GAAA s3 0 NNNN [46] s4 0 NH s5 0 NNNN [46] s6 0 CTGANGA s7 0 NNNNNNNNN Nomenclature-The naming of HHRs follows the scheme previously used for HDV-like ribozymes (17) . The identity of the ribozyme family is followed by the type of HHR (e.g. hhrII for type II HHRs). The isolate name matches that found in the original metagenomic data and is followed by a number corresponding to the occurrence of the ribozyme found in the particular isolate.
Primer Sequences-Primers were designed according to the sequence identified by the motif search. Forward primers included the T7 RNA polymerase promoter followed by "gggaga" to facilitate transcription, except in the cases in which the 5′ end of the construct was G-rich. The following is the construct designed for one of the type II HHRs shown in Fig. 1 .
SewS1_01145s-1 Ribozyme construct: 5′ gggaga GGA CUU GGU CUU CUA ACG AGU ACG CGA AAC CCU GGU ACG CCC ACC CAG GGU CGC CGG GAA AUC GGC CCG GCC UGA UGA GCG AUA UUC ACU 3′ AL1096 (inhibitor): 5′ CCG GCG ACC CU 3′ AL1097 (forward): 5′ UAA UAC GAC UCA CUA UAG GGG AGA GGA CUU GGU CUU CUA ACG AGU ACG CGA AAC CCU GGU ACG CCC ACC C 3′ AL1098 (reverse): 5′ AGU GAA UAU CGC UCA UCA GGC CGG GCC GAU UUC CCG GCG ACC CUG GGU GGG CGU ACC AGG GUU UCG CGU 3′
DNA template preparation-Constructs were prepared by mutual priming of two synthetic, PAGE-purified oligonucleotides. Primer extensions were carried out in a 100 µL volume containing 0.2 mM of each of the four dNTPs, 5 µM of each primer, and 10 units of Taq DNA polymerase. The primer-extension conditions were 94˚C for 1 min, followed by 2 cycles of 50˚C for 30 sec and 72˚C for 2 min as previously described (17) .
RNA transcription-RNA was transcribed at 37˚C for one hour in a 20 µL volume containing 10 mM DTT; 2.5 mM each GTP, UTP and CTP; 250 µM ATP; 4.5 µCi [α-
32 P]-ATP (Perkin Elmer, Waltham, MA); 7.75 mM MgCl 2 ; 20 µM of inhibitor oligo (specific for each construct); 1 unit of T7 RNA polymerase, and 0.5 pmole of DNA template. Constructs were transcribed in vitro in the presence of limited Mg 2+ and cleavage-site inhibitor oligonucleotide to prevent cotranscriptional self-scission. Transcripts were purified by denaturing PAGE.
Cleavage kinetics-In vitro self-scission reactions were performed as previously described (16) . Reactions were initiated with the addition of Mg 2+ (to a final concentration of 1 mM or 10 mM) to solutions containing the 32 P-labeled ribozyme precursor in 140 mM KCl, 10 mM NaCl, 10 mM Tris buffer, pH 7.4 (final concentrations), at 37˚C and terminated by adding equal volume of stop buffer containing 20 mM EDTA, 5 mM Tris pH 7.4, 8 M urea, with xylene cyanol and bromophenol blue loading dyes. The denaturing PAGE gel of self-cleavage products was exposed to phosphorimage screens and analyzed using Typhoon phosphorimager and ImageQuant software (GE Healthcare).
Results and Discussion
Motif searches identify type I, II, and III HHRs in diverse metagenomic sequences. Motif searches revealed a total of 20 candidate ribozymes of all three HHR topologies, of which 13 were confirmed to be active in vitro (Table 1) . Our descriptors were similar to those used by Martick et al. to identify the CLEC2 hammerhead ribozyme in rodents (15) , except that we allowed for positions 7 and 17 of the catalytic core to be occupied by any nucleotide. Utilizing the RNABOB algorithm, the permissiveness of a given descriptor can result in a larger output, but with a greater incidence of false positives (30) . We therefore, used the RNAfold algorithm of the ViennaRNA package (37) to screen for correctly folding stem-loops. This filtering resulted in 17 candidates showing stable predicted folding. We found two constructs differing by a single point insertion in the flanking single stranded regions (hhrII-SewR3_00868s-1 and hhrIISewR3_00560s-1). The motifs reside in the same location within the context of their respective deep sequencing data reads; however, the two reads do not seem to vary in sequence composition enough to rule out differences due to sequencing errors (90 % identity). In addition, hhrII-SewR3_02495s-1 and hhrII-SewR3_00810s-1 also reside in the same location; however, there is enough difference between the reads to consider these two HHRs independent finds (73 % identity). All 20 original candidates were tested for in vitro catalytic activity.
Self-scission of microbial ribozymes. The catalytic activity of 13 novel HHRs identified through structure-based searches of deepsequencing data from metagenomic sampling was verified through in vitro self-cleavage experiments. The observed cleavage rate constants are given in Table 1 . Figure 1 shows a selfcleavage experiment for two type II HHRs in 10 mM Mg 2+ under single-turnover conditions. The ribozymes cleave to about 80 %, with the remaining ~20 % representing the lower limit on cleavage yield. Ligation reactions of hammerhead ribozymes have been shown to be efficient in vitro, plateauing at ~23 % in S. mansoni HHR (25). However, self-scission reaction plateaus cannot be directly interpreted as equilibrium with ligation reactions, as the kinetics is complicated by the presence of inactive species. Future kinetics experiments will determine ligation rates for these type II HHRs.
All of the discovered ribozymes display robust catalytic activity in vitro. The cleavage kinetics data were fit to a single exponential decay and uncleaved residuals model, giving a rate constant for self-scission, k obs,cleave , reported in Table 1 . To examine the ribozyme activity at physiologicallike conditions, self-cleavage experiments were also carried out at 1 mM Mg 2+ . Comparisons to known HHRs. Tertiary interactions between peripheral domains have previously been shown to greatly affect the in vitro activity of HHRs. For example, the presence of tertiary interactions in the type I S. mansoni HHR is known to enhance the rate of scission by 50 to 500-fold under physiological-like conditions (38, 39) . To allow for loop-loop contacts, all of our constructs were designed to include at least 9 nucleotides upstream and downstream of the ribozyme motif. It has previously been suggested that ribozymes with different metal dependencies experience differences in the rate-limiting step, with tertiary stabilizations placing the molecule further along the reaction pathway (40) . Many of our ribozymes exhibit fast self-scission, suggesting that their catalytic cores are stabilized by tertiary interactions. In addition, although the kinetics experiments were performed at only two Mg 2+ concentrations, the 13 HHRs displayed a range of Mg 2+ dependencies, with a ten-fold difference in Mg 2+ concentration resulting in a ~300 times enhanced cleavage in the case of hhrIIOC1_0744s-1 (Table 1) . This large cooperativity also suggests that at 10 mM Mg 2+ the ribozyme activity is far from maximal. Interestingly, both hhrII-OC1_0744s-1 and hhrII-POL_IN_00577s-1, show high Mg 2+ dependence and fast kinetics, while neither is predicted by RNAfold (37) to fold into the correct HHR structure within the context of their respective ~500 nt genomic sequence read. All the remaining ribozymes are predicted to form a stable catalytic core even when embedded within their full sequence reads.
Many naturally occurring HHRs contain conserved motifs in loops 1 and 2, which have been identified as essential features for the looploop interactions (41) . Base pairing between the 5′ U of loop 1 and the 3′ A of loop 2 as well as the interaction of an extrahelical (penultimate) pyrimidine of loop 1 with a 5′ purine of loop 2 can be predicted for 7 of our HHRs ( Fig. 1 and 2 , boxed). Two others display the latter interaction only. In addition, 4 of the HHRs predicted to have tertiary interactions, contained the last two CA dinucleotides of loop 2, which are conserved in chrysanthemum chlorotic mottle viroid (CChMVd), but also occur in other natural HHRs (41) . These two interactions are predicted to be conserved in over 20 naturally occurring HHRs including those of insects, Arabidopsis, CChMVd, and tobacco ringspot virus satellite RNA (41) . Several of our ribozymes did not contain conserved loop sequences involved in known tertiary interactions. To predict novel tertiary contacts, we used the DotKnot program (42) to detect potential pseudoknots and kissing loops, such as those known to exist for the S. mansoni HHR (38) . DotKnot predicted a pseudoknot between loop 1 and the flanking sequence of stem II in hhrII-SewR3_00810s-1 and hhrIISewR3_02495s-1 (Fig. 2) . This type of tertiary interaction has not previously been proposed in an HHR and points to a potential diversity of tertiary contacts that can stabilize peripheral regions in these ribozymes. These two related ribozymes exhibit the highest rate constants at physiological Mg 2+ (1 mM) and vanishing Mg 2+ dependence between 1 and 10 mM (Table 1 ). This result supports the existence of a strong, Mg 2+ -independent tertiary interaction, which may be achieved by base-pairing in a pseudoknot. Overall, there is no apparent trend in the catalytic rates between our HHRs that do and do not display predictable tertiary contacts, further supporting the hypothesis that novel tertiary interactions stabilize the fast-cleaving ribozymes.
Among the 13 ribozymes, 10 cleave a UC sequence, which is identical to the S. mansoni HHR. This sequence is known to have higher activity than other combinations of nucleotides in engineered hammerhead motifs (43) . Many other known viral and viroid HHRs, as well as the recently discovered bacterial and eukaryotic HHRs possess UC or UA at their cleavage sites (18,19,44). The sequence conservation of this site suggests that high cleavage activity serves a biologically important function.
Considering that our descriptors allowed large stem-loops to occur, the active HHRs are relatively small, with stem lengths averaging between 3 and 7 bps and loops between 4 and 8 nts ( Fig. 1 and 2) . Some of the common features include long stem I (6-8 nts) and short stem II (3-4 nts), with the exception of hhrII-SewS1_01145s-1, which has a predicted 8 bp stem II. These lengths follow closely with stem and loop sizes seen in over 20 other naturally occurring HHRs (41, 44 HHR incidence in a randomly generated sequence file. To estimate whether the incidence of the HHRs in the metagenomic data is higher or lower than would be expected by chance, we generated a random sequence of identical length and nucleotide content as our metagenomic sequence file. Given the low probability of finding a hammerhead motif (1 per 10 13 nt) (24), we would not expect to find stable HHR in this random sequence, and indeed this is the case. Structure-based searches produced 4 times fewer hits, all of which failed to be confirmed by subsequent secondary structure prediction. By comparison, the HHR motif is over-represented in the 2.2x10 8 nt metagenomic sequences and the occurrences are unevenly distributed among the sequenced samples. This result implies that HHRs are highly selected for in certain microbiomes and suggests that the samples contain novel HHRharboring microbes.
The catalytic core of the hammerhead ribozyme can accommodate additional nucleotides between stems I and II. HHR with this extended core sequence have previously been identified through bioinformatics searches (45) . To identify such ribozymes, additional structure-based searches allowing extended core regions were performed with our metagenomic sequences. Three output sequences representing extended core motifs were predicted to have stable secondary structure and were tested for in vitro self-scission; however, none displayed catalytic activity in these assays.
Hammerhead ribozymes have been identified in a multitude of genomes (15, (18) (19) (20) . Our work shows that HHRs are highly enriched in a diverse set of subject and environmental samples, including human stool and sewage. Identifying structured RNAs is one way to characterize new genomic information and categorize genetic variants or novel enteric viruses. Many of our metagenomic sequences did not align closely with any known genomes. While the origin of the sample isolates is known, further investigation is needed to identify the viral or bacterial isolate origin of these ribozymes. Two ribozymes were found to bear sequence similarity to previously analyzed HHR. Of the 13 HHRs, BLASTn (46) revealed only one HHR similar to a genomic ribozyme: hhrIII-Il-74_04911s-1 has a high sequence similarity to the hammerhead ribozymes studied in many viroid-like RNAs and virus satellite RNAs, particularly chicory yellow mottle virus satellite RNA (sChYMV) (E score 3e-4). It has previously been suggested that viroids and satellite RNAs originated from the transcripts of repetitive sequences when the transcripts parasitize viral replication machinery and use viruses as vectors to jump from one organism to another (31) . The occurrence of HHRs in repetitive DNA of many species suggests that the catalytic activity is important to the existence of these transcripts. hhrIII-Il-74_04911s-1 may represent another example of such activity, although its flanking sequences do not map to known satellite sequences.
Interestingly, hhrI-454-SetG2_00452-1, isolated from bat guano, bears 89 % identity to an artificial RNA construct used to make a 3D model of HHR based on FRET measurements (GenBank accession 1RMN_A) (47, 48) . It exhibits fast kinetics (Table 1 ) and contains both predicted tertiary interactions between stems I and II.
In the case of hhrII-SewS1_011455-1, BLAST searches did not identify another ribozyme with similar sequence, but they did reveal that the upstream sequence is highly similar to the RadC gene (RadC is a DNA repair protein) of the thermophilic photosynthetic bacterium Roseiflexus castenholzii DSM (E value 7e-13). The 5′ end of the HHR construct contains a UAA stop codon, which corresponds to the end of the RadC gene (Fig. 1) . The R.castenholzii RadC gene does not have a hammerhead motif at its 3′ end, and a search through its entire genome (GenBank CP000804) did not reveal any HHRs, suggesting that our isolate represents a novel genomic arrangement of RadC and HHR. The close proximity of the ribozyme to the 3′ terminus of the RadC coding region suggests that the ribozyme is either involved in mRNA processing or that it forms a 5′ terminus of a novel genetic element close enough to the RadC gene to form a single transcriptional unit with the mRNA.
It will be interesting to learn whether the viral or bacterial sources of these 13 ribozymes display pathogenicity or are merely commensal microbes in the human microbiome. The presence of the ribozymes identified on the RNA strands of yet uncharacterized viral genomes will require further studies. The sequence reads containing these ribozymes will be extended by overlapping with other unclassifiable reads, potentially forming contigs that can be analyzed for signatures of viral genomes.
Deeper sequencing of those microbiomes harboring our ribozymes is needed in order to assemble new microbial genomes. Given that metagenomic sampling can be used to monitor genetic variation over time and location, functional HHRs may be evolutionarily important to these viral or bacterial genomes. In general, although the biological functions of all HHRs have not been identified, the association with satellites and RT ORFs suggests a role in retrotransposition (18) which has recently been suggested for HDV ribozymes as well (17, 49) .
In this study, structure-based searches revealed the fastest known natural HHRs, the first natural type II HHRs, and a putative novel pseudoknot stabilizing the most robust type II ribozymes. Because the sources of these ribozymes remain to be identified, their detection will motivate a new search for HHR-containing microbes. In the case of metagenomic sequences, identifying the presence of catalytic motifs can be used to evaluate the distribution of functional RNAs in a sample and possibly assist in the identification of novel viruses. The expansion of libraries of coding and non-coding RNAs will ultimately help characterize new genomes. The discovery of new ribozymes will further help us understand their distribution in nature and their biological importance. Table 1 . All labels and symbols are the same as in Fig. 1 . Asterisks indicate differences between ribozymes hhrII-SewR3_00810s-1 and hhrIISewR3_02495s-1, and between ribozymes hhrII-SewR3_00560s-1 and hhrII-SewR3_00868s-1. Grey brackets indicate the putative pseudoknot interactions between loops 1 and 2 in hhrII-SewR3_00810s-1 and hhrII-SewR3_02495s-1. 3 ' hhrI-pak6178-j_00497s-1 hhrI-SewB1_01643s-1 hhrIII-G3_26_03977s-1 hhrI-454-SetG2_00452-1 10 11 agaggg hhrIII-SewR3_01770s-1
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